The classification of butterflies in the widely recognized genus Morpho previously used subgenera that were assumed to constitute natural species groups. Cladistic analysis of 120 characters provided a well-resolved tree showing that some subgenera do not constitute monophyletic groups. This study supported some traditional taxonomic species groupings, but rejected the concept of subgenera for Morpho. Therefore, we formally redefined the genus to be consonant with the assumptions of phylogenetic classification. Predictions about Morpho life histories, the correlation of color pattern and flight behavior with vertical flight height, and the evolution of sexual dimorphism are discussed in light of our phylogeny.
INTRODUCTION
In 1807, Fabricius erected the genus Morpho to embrace one of the most familiar groups of Neotropical insects. Not only the type species, M. achilles (Linnaeus, 1758), but many other species of Morpho have long been recognized by their large size and distinctive blue colors. Few people forget their 1 Department of Invertebrate Zoology, Milwaukee Public Museum, 800 West Wells Street, Milwaukee, WI 53233, and Programa de Pós-Graduação em Biociências, Pontifícia Universidade Católica do Rio Grande do Sul, Av. Ipiranga 6681, Porto Alegre, RS, 90619-900, Brazil. e-mail: flea@mpm.edu 2 Research Associate, Division of Invertebrate Zoology, American Museum of Natural History; Center for Biodiversity Studies, Milwaukee Public Museum, 800 West Wells Street, Milwaukee, WI 53233. e-mail: pjd@mpm.edu first encounter with the big iridescent blue butterflies conspicuously flying through a forest, or simply preserved as specimens in a collection-even those who are generally oblivious to the natural world. Given their distinctness and allure to collectors of dazzling insects, one might expect the natural history and systematics of the big blues of NO. 3374 AMERICAN MUSEUM NOVITATES Fabricius to be particularly well known. Surprisingly, this is not the case. Despite having been the subject of three monographic treatments (Fruhstorfer, 1913 ; Le Moult and Réal, 1962; Blandin, 1988 Blandin, , 1993 , many fundamental aspects of Morpho systematics and biology remain uncertain. The general biology of some Morpho species is available in Fruhstorfer (1913) , Muyshondt (1972, 1973) , and DeVries (1987), while Le Moult and Réal (1962) and D'Abrera (1984) include color illustrations of most species.
As a systematic and natural history synthesis, the work of Fruhstorfer (1913) provides the basis for all subsequent studies of scientific consequence. As one of the foremost butterfly biologists of his time, Fruhstorfer compiled information on internal and external morphology, geographic and altitudinal distribution, subspecies, behavior, and early stages to divide Morpho into two groups, or subgenera. At the time of publication, Fruhstorfer's treatment probably summarized all known information on Morpho. It remains a valuable resource and makes for pleasurable reading.
Several characteristics have historically made Morpho butterflies a marketable commodity: their large size, variation in species abundance, sexual dimorphism, and exotic blues. In fact, a large proportion of all museum specimens and much of our taxonomic understanding of Morpho butterflies are inextricably linked to their collector market value. During the past 80 years the monetary value associated with the butterfly trade fueled an eagerness to name the world's Morpho fauna, and impelled the description of a large number of species, subspecies, forms, and aberrations-all that could be considered commodity art to the enthusiastic collector. For example, Fruhstorfer (1913) listed 30 species plus 119 subspecies and forms of Morpho. In contrast, the monograph by the commercial insect dealers Le Moult and Réal (1962) recognized 75 species assigned to eight subgenera, and generated no less than 409 new names. Taken together, this tallied to more than 780 available taxonomic names applicable to Morpho-a generous offering to the potential collector's dream catalog. However, if one disregards the immoderate naming of subspecies and varietal taxa, the service provided to Morpho systematics by Le Moult and Réal (1962) was a specieslevel classification, descriptions of subgeneric taxa, illustrations of adults and male genitalia for all species, and an account of type specimens.
The study by DeVries et al. (1985) focused on the relationships of the three Morphinae genera-Morpho, Antirrhea Hübner, 1822 and Caerois Hübner, 1819-and in doing so considered six species of Morpho in five subgenera. However, their limited taxon sampling precluded a detailed evaluation of relationships within Morpho. Furthermore, as their phylogeny was based almost entirely on early stage characters, its refinement depends on availability of preserved caterpillars for additional species. Blandin (1988 Blandin ( , 1993 ) acknowledged explicitly that his monographic reviews were not intended to be complete revisions of Morpho, or to address phylogenetic relationships among species. Rather, these works sought to improve the utility of Le Moult and Réal (1962) by offering revised definitions of selected subgenera and species. Although his treatment was comparatively conservative, Blandin (1988) also described a new subgenus, and he further suggested that the nine subgenera of Morpho might be regarded as full genera. Based on finding a high level of morphological variation among seven species in six Morpho subgenera, Bilotta (1992 Bilotta ( , 1994a Bilotta ( , 1994b ) elevated these subgenera to generic status. However, other researchers have not followed this action.
The works of Fruhstorfer (1913) , Le Moult and Real (1962) , DeVries et al. (1985) , Blandin (1988 Blandin ( , 1993 , and Bilotta (1992 Bilotta ( , 1994a Bilotta ( , 1994b ) all bear on how we perceive the diversification and evolution of Morpho butterflies. However, the variance in systematic approaches among these studies strongly implies that a better understanding of Morpho could be attained by application of modern phylogenetic analysis. This paper presents a systematic overview of Morpho by sampling 27 species representing a wide range of taxonomic diversity within the genus as currently understood, and it explicitly tests the monophyly of the nine Morpho subgenera using phylogenetic methods. Analysis of 120 adult characters provid- ed a well-resolved tree in which the subgenera Iphimedeia Fruhstorfer, 1913 Moult and Réal, 1962 are monotypic). The paraphyly and basal position of Cytheritis preclude dividing the genus Morpho into phylogenetically meaningful subunits. As a consequence, we propose abandoning the previous subgeneric classification, and redefine the genus Morpho based on our analysis. In light of our phylogeny, we then discuss ecological and phenotypic characteristics of Morpho.
METHODS

SPECIES SAMPLED
To avoid the excess taxonomic splitting of Le Moult and Réal (1962) , our estimate of total species richness in Morpho followed the more conservative treatments of Fruhstorfer (1913) and Blandin (1988 Blandin ( , 1993 . We then assessed the monophyly of all Morpho subgenera by selecting 27 species representing the range of diversity within each subgenus (figs. 1-10). These included the monotypic Balachowskyna and Iphixibia, two species of each Cypritis and Schwartzia, three of Pessonia, four each of Grasseia and Iphimedeia, and five each of Cytheritis and Morpho (appendix 1). Males and females were dissected for all species, except for M. adonis (Cramer, 1775), M. theseus Deyrolle, 1860, and M. amphitrion Staudinger, 1887, for which female specimens with intact abdomens were unavailable.
Specimens of Morpho butterflies are typically abundant in most museums and theoretically represent a major source of study material. However, a widespread tradition has rendered many specimens of little use for systematic analysis. As this tradition bears upon the present and future studies of Morpho systematics, the reader may find some background useful. As in most insects, the abdomens of Morpho butterflies contain lipids. To prevent the lipids from greasing the iridescent wings and sullying so-called ''perfect specimens'', collectors often remove the abdomen of individuals immediately upon capture. Such procedures are particularly prevalent in the showy, iridescent blue species (e.g., M. cypris Westwood, 1851, M. rhetenor (Cramer, 1775), M. adonis, M. eugenia Deyrolle, 1860). For example, a cursory inspection of 16 showy species in the Milwaukee Public Museum collection revealed that 41% of the 293 specimens examined were without abdomens (table 1). This phenomenon is not peculiar to the Milwaukee Public Museum, but is general to most private and museum collections of Morpho.
To make specimens with excised abdomens appear cosmetically ''perfect'', they are often retrofitted with an abdominal prosthesis. During our study we not only found many Morpho specimens without abdomens, but some where the thorax and abdomen belonged to different species (e.g., one with a papilionid head, one with a danaine abdomen), and some specimens had the abdominal contents microsurgically removed and carefully replaced with cotton wool, miraculously leaving the genitalia intact. The practice of excising and/or changing Morpho abdomens illustrates how potential scientific utility is sacrificed on the altar of cosmetic traditionalism.
In sum, availability of useful material played a peculiar and important role in taxon sampling for this study. We utilized only species for which preserved material included specimens that had intact, original abdomens.
Examined specimens (appendix 1) were obtained from: Natural History Museum of Los Angeles County (LACM), National Museum of Natural History (USNM), The Field Museum (FMNH), Milwaukee Public Museum (MPM), and private collections of P. DeVries (PJD), and G. Austin (GA).
PREPARATION OF MATERIAL AND TERMINOLOGY
Female forelegs, male mesolegs, and male and female abdomens were prepared using a standard 10% solution of potassium hydroxide, and subsequently stored in glycerol. No special preparation was performed on the head or any thoracic appendages. All structures were examined using an optical stereomicroscope.
General terminology for external morphology follows Scoble (1992) . For male and female genitalia, we follow Klots (1970) , and for wing scale, we follow Downey and Allyn (1975) .
CHARACTERS
We examined 120 characters (105 binary and 15 multistate), of which 112 were phylogenetically informative (appendices 2 and 3). Some autapomorphic characters were included in our analysis because they represented departures from characteristic patterns of supraspecific taxa (e.g., the characteristic hairpencils of Morphinae were absent in M. sulkowskyi Kollar, 1850; character 13:0), and they may be useful in future analyses that include more species. Characters included flight behavior (1 character), general external morphology (11 characters), male and female genitalia (35 and 20 characters, respectively), wing venation (10 characters), scale morphology (11 characters), wing color pattern (31 characters), and larval host plant (1 character). To facilitate verification by future workers, we illustrated many of our characters and included explanatory notes where appropriate (appendix 2).
All characters were scored from direct observation, none from published descriptions. Nevertheless, comparative data published by other authors helped establish criteria for selecting characters for phylogenetic analyses. We examined all characters that Fruhstorfer (1913) , Le Moult and Réal (1962) , and Blandin (1988, 1993) used to define subgenera (see appendix 4). Those characters that could be defined and scored with confidence were used in our analyses, including some that were re-coded (see appendix 2). Our criteria for selecting characters were as follows.
HEAD: Bilotta (1992) reported subtle dif- ferences in the shape of the subgenal suture, size of the anterior tentorial pit, and the shape and size of the occipital foramen. We did not consider these characters because of the destructive nature of the preparations required for scoring them. We also did not include the distance between the paired scape and the size of labial palpus segments in our analyses since they seemed to vary continuously across taxa, thereby making it difficult to establish discrete character states.
THORAX: In addition to the open/closed hindwing cell (DeVries et al., 1985), we used several wing characters, including venation, scale morphology and pigmentation, and wing color pattern, some of which have been used previously to define Morpho subgenera (see appendix 4). Because of their ambiguous definitions, forewing shape characters used to define subgenera by Blandin (1988 Blandin ( , 1993 were not included in the analysis (e.g., contrast definitions of forewing shapes for Iphimedeia, Schwartzia, and Iphixibia in appendix 4). Although the continuous variation between a ''more pointed'' or ''less pointed'' forewing makes it difficult to define character states useful for systematic analyses, wing shape variation is likely important in the evolutionary history of Morpho. Therefore, these variations will form the topic of a future study on the evolution of wing morphology and flight behavior in light of the phylogeny proposed here (DeVries and Penz, in prep.). Characters for female leg 1 and male leg 2 are described here for the first time.
ABDOMEN: Although we found differences among species in size and shape of male abdominal tergite 8, and sternites 3 and 4, these variations could not be translated confidently into character states. Le Moult and Réal (1962) used several characters of male genitalia to characterize subgenera (see appendix 4), one of which was not used in our analyses because of difficulties in establishing discrete character states (uncus with extended wings, see ''Iphixibia'' in appendix 4). We re-coded the remaining genital characters to allow scoring across all species (appendix 2). Illustrations of genitalia for many species may be found in Le Moult and Réal (1962) and in Bilotta (1994b) . PENZ AND DEVRIES: PHYLOGENETIC ANALYSIS OF MORPHO 
PHYLOGENETIC ANALYSIS
We employed parsimony analysis with the following settings: all characters were given equal weight, multistate characters were unordered, and polymorphic characters were treated as exhibiting both states. An heuristic search with 20 tree bisection reconnection (TBR) replicates was performed as implemented in PAUP 4.0b1 (Swofford, 1998) . We used a successive approximation weighting procedure (SAW) of Farris (1969) to reduce the number of equally parsimonious trees and to preserve resolution. Decay indices (Bremer, 1994) and bootstrap values (Felsenstein, 1985) were provided as estimates of branch support. MacClade 4 (Maddison and Maddison, 2000) was used to assess the nature and number of character changes per branch, and to provide a comparison between topologies for a Wilcoxon rank sum test (WRS) (Templeton, 1983; Larson, 1994) .
RESULTS
PHYLOGENETIC ANALYSIS
Analysis of 120 characters yielded nine equally parsimonious trees (tree length ϭ 338, CI ϭ 0.41, RI ϭ 0.65), two of which are illustrated in figure 11A and B. Reduced resolution of the strict consensus of these nine trees ( fig. 11C) chowskyna ϩ Pessonia grouping), and it moved to a more basal position in the remaining trees (e.g., fig. 11B ).
Removing M. aurora and M. deidamia from the analysis resulted in three equally parsimonious trees (tree length ϭ 310, CI ϭ 0.45, RI ϭ 0.68), and the strict consensus of these trees ( fig. 11D) Successive approximation weighting selected three of the original nine equally parsimonious trees ( fig. 11A being one of them) . The strict consensus of these trees is presented in figure 12 , and characters supporting each grouping are listed in table 2. Although all nine trees from the unweighted analysis are equally likely to be correct by principles of parsimony analysis, the remainder of our discussion is based on the consensus of the trees selected by SAW because (1) this procedure emphasizes the influence of robust characters for tree resolution, and (2) removal of problematic taxa (M. aurora and M. deidamia) produced a tree highly compatible with those selected by SAW.
The monophyly of some, but not all, subgenera is supported by our analysis using SAW ( fig. 12) . Herein, Iphimedeia, Schwartzia, Cypritis, and Pessonia are monophyletic, and we corroborate the apparent monotypy of Balachowskyna and Iphixibia. On the other hand, Cytheritis, Grasseia, and Morpho did not constitute monophyletic groups. Although our results support several traditionally recognized subgenera, the paraphyly and basal position of Cytheritis argue that Morpho cannot be partitioned into monophyletic subgeneric units, because doing so violates a basic principle of phylogenetic classification. Enforcing the monophyly of Cytheritis significantly increased the number of steps of the tree in figure 12 (increase in 6 steps; WRS test: T ϭ 3.5, n ϭ 7, ␣ ϭ 0.047), further weakening the validity of subgeneric classification. Based on our analysis ( fig. 12) DIAGNOSIS: Within the Morphinae, Morpho is separated from Antirrhea and Caerois based on the following characters: male leg 2 with thin spines on dorsal side of tarsus (character 6:1); male leg 2 with four rows of ventral spines on tarsomere 5 (7:1); in dorsal view, pedunculi expanded laterally (23:1); dorsolateral edges of juxta with small depressions (34:1); lamella ante-and postvaginalis exposed (54:1); papilla anales hemispherical (65:1); recurrent vein present at the base of FW (forewing) discal cell, off Cubital system (71:1); HW (hindwing) cross- are: stipes with 24-44 setae, and body with subdorsal tufts of barbed setae.
DISCUSSION
Ideally, the concept of subgenus should represent species groups that form monophyletic assemblages. In the particular case of Morpho, subsequent to the work of Le Moult and Réal (1962) subgenera were assumed to constitute natural groups, despite the ambiguities in defining them (appendix 4). Our study demonstrated a high level of morphological variation among and within Morpho subgenera, as suggested by both low Bremer indices and bootstrap values ( fig. 12 ). This variation highlights the difficulty in providing characters that universally define these taxa (table 2). Although recognition of high variation led Bilotta (1992 Bilotta ( , 1994a Bilotta ( , 1994b to elevate subgenera to generic status, we think that her limited sampling and lack of a phylogeny make this action unjustified. Our analysis also demonstrated that three of nine Morpho subgenera are not monophyletic, and we therefore reject subgenera as valid taxa in Morpho. Based on our proposed phylogeny ( fig. 12) , maintaining Morpho subgeneric classification would require description of five new subgenera-an unjustifiable proliferation of names given the evident taxonomic confusion within this genus. Abandoning Morpho subgenera is a first step toward reorganizing species within a modern systematic framework. What accounts for the high levels of character variation within Morpho remains to be explained.
While our phylogenetic analyses do not support many aspects of previous Morpho subgeneric classifications, they do corroborate some traditional species groupings. For example, Fruhstorfer (1913) fig. 12, clade 8) , suggesting a habitat shift from dark forest understory to an open environment pervaded by direct sunshine ( fig. 13 ). As butterfly color patterns may be correlated with forest structure (e.g., Papageorgis, 1975 ; DeVries, 1988; DeVries et al., 1999a), this study raises the question as to whether a behavioral shift toward inhabiting the canopy influenced the evolution of color pattern in M. hercules, M. hecuba, and their relatives.
The basal placement of dull-colored M. hercules and relatives by Fruhstorfer (1913) implies that blue iridescence is derived. Compared to other nymphalids, the color of Morpho butterflies is exceptional in that blue iridescence is produced with basal scales, not cover scales (S. Berthier, personal commun.; CMP personal obs.), and this study is the first to suggest that blue iridescence is an ancestral trait that has been lost twice ( fig. 13) . We further note that some canopy species lack iridescence (i.e., M. hercules, M. hecuba, and their relatives; fig. 13 ), in addition to species known to fly in the subcanopy (M. catenarius and M. polyphemus). This implies a potential correlation among color pattern, flight behavior, and vertical stratification in Morpho, a topic that will be explored elsewhere (DeVries and Penz, in prep.).
Strong sexual dimorphism in Morpho may have evolved (or was lost) multiple times ( fig. 13 ). Fruhstorfer (1913) noted that in species where males are exceptionally bright the females are normally dull-colored, and he hypothesized that in these instances females retained the coloration of their Brassolinae ancestors. This is consonant with Darwin's (1874) hypothesis that evolution of sexual dimorphism in butterflies is driven by female preference for brightly colored males. On the other hand, Wallace (1889) argued that sexual dimorphism could result from females acquiring defensive, cryptic coloration and diverging from male color patterns. Finally, inspired by observations that males often respond to visual stimuli, Silberglied (1988) proposed that sex-limited coloration in butterflies was driven by male-male interactions. An extension of Silberglied's hypothesis would be that iridescent, male-like Morpho females may increase their attractiveness by exploiting preexisting male-male antagonistic behaviors, thus representing an example of color pattern evolution via a male-biased sensory exploitation system (see Ryan et al., 1990) , defined by Vane-Wright (1985) as ''pseudosexual'' selection.
Our phylogeny indicates that iridescence is an ancestral trait that has been lost twice, and historical literature and museum collections suggest that male-like, iridescent females occur at low frequencies in M. aega, M. cypris, and M. rhetenor. These observations imply that the genetic mechanisms determining sexual dimorphism are ancestral and univer- 
CONCLUSIONS
For more than 200 years, big blue Morpho butterflies have captivated the imagination of natural historians, collectors, and the public. One result of this attention was the creation and use of a Morpho classification scheme based on recognition of taxonomic categories above the species level, without the benefit of modern systematic methods. Although this study supports some traditional taxonomic species groupings, our phylogenetic analysis argues against maintaining a subgeneric classification for Morpho. Accordingly we redefined Morpho and abandoned the use of subgenera to delimit species groups. Despite the paucity of natural history information, our phylogeny can serve to motivate studies on life histories, the correlation of color pattern and flight behavior with vertical flight height, and the evolution of sexual dimorphism in Morpho. We believe that studies focusing on these topics will not only provide a better understanding of species diversification within Morpho, but can provide an incentive for broader studies on the evolution of Neotropical butterflies in general. Fruhstorfer (1913) : Lacking metallic gloss, color varies from greenish blue to whitish in all gradations. Upper discocellular long, middle only inappreciably concave (i.e., proximally curved), the lower straight and placed at right angles to the anterior median. Forewing cell very narrow at the apex. Uncus broad, lateral clasps strikingly flat, valves lack distal spines.
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Le Moult and Réal (1962) : Quoted verbatim from Fruhstorfer (1913) . Blandin (1988) : Distal edge of the forewing sometimes almost straight, but more often with at least a slight concavity between the ends of M1 and Cu1. Forewing apex always more pointed than in Schwartzia, often clearly protruding. Hindwing edge forming clear undulations at the ends of the veins, particularly M3, Cu2, and Cu1, with small true caudal appendages in some species. Pattern of the ventral surface little contrasted: background tint varies from light to dark through a range of ochre with yellowish gray or reddish brown nuances. Generally, the tone is lighter in females than in males. Silver areas less bright than in Schwartzia, and silver scales reduced or absent. On the hindwings, the dark edge of the basal area forms, depending on the individual, an obtuse, straight or acute angle between M2 and M3; it goes towards the anal edge in an almost perpendicular direction to A1 and reaches it near the end of A2.
SUBGENUS SCHWARTZIA BLANDIN, 1988
Blandin (1988) : Distal edge of the forewing more or less straight (very weak concavity or convexity). Forewing apex always more rounded than Iphimedeia, never protruding. Pattern on the ventral surface very contrasted with black and silver markings on a brown, more or less reddish background. Silvery areas more developed in females than in males. Hindwing costal edge, base of the wing, and proximal portion of the anal edge silvery white. Basal area totally bounded by a black distal border, with some black twisted patterns and two silvery white marks forming a discontinuous transversal band. Wide silvery patch outside the black border. The black border forms an acute or (rarely) a right angle between M2 and M3, it goes towards the anal edge of the wing in an almost perpendicular direction at A1 and reaches it more or less at the end of A2.
SUBGENUS IPHIXIBIA LE MOULT AND RÉ AL, 1962
Le Moult and Réal (1962) : Discal area broad and little contrasted with respect to the background. Ocelli faded, but well defined in the proximal area. Uncus in dorsal view broadly sub-triangular with two broad, extended wings, more or less erect or sub-horizontal, where six nervures can be seen.
Blandin (1993) : Forewing distal edge slightly concave. Forewing apex slightly protruding and rounded. Hindwing distal edge weakly undulate, lacking protrusions at the ends of the veins and lacking a wide lobe at the point of the cubital veins. Underside pattern with the same structure as that of the subgenus Iphimedeia but the line of hindwing ocelli curves inward less strongly. Ocelli structure modified by the disapparance of the black pupil, the ochre circle coming into contact with the silver center which can sometimes be absent.
SUBGENUS CYTHERITIS LE MOULT AND RÉAL, 1962
Le Moult and Réal (1962) : Subuncus sometimes straight, when it is inserted vertically it expands horizontally, sinuate-dentate but more often spiny or with rods.
Blandin (1993) : Forewing distal edge from slightly concave to weakly convex. Distal edge of the hindwing from weakly to strongly undulate with a small lobe at the point of the cubital veins in some species. Pattern of the ventral surface variable but always characterized by having the line of ocelli on the hindwing nearly straight or weakly curved inward and forming a very acute angle with the anal edge.
SUBGENUS BALACHOWSKYNA LE MOULT AND RÉAL, 1962
Le Moult and Réal (1962) : Distinct from Morpho by wings shape and color, ocelli arrangement and constitution, dorsal wing pattern, and other less obvious characters. Although the uncus resembles the less accentuated characteristic of the portis-aega group of Cytheritis, the subuncus (gnathos in this study) has a distorted form that resembles certain Pessonia. Apex of the valva with teeth similar to Morpho sensu strictu, although displaying a general shape similar to the rhodopteron group.
Blandin (1988) : Forewing distal edge some-
